Abstract Aims/hypothesis: We evaluated the impact of sex and type 2 diabetes heredity on the prevalence and pathogenesis of early abnormalities of glucose homeostasis in subjects participating in the Stockholm Diabetes Prevention Programme. Methods: A sample of 3,128 men and 4,821 women, of whom approximately half had a family history of type 2 diabetes (FHD) was categorised according to an OGTT: NGT, IFG, IGT, combined glucose intolerance and type 2 diabetes. The homeostasis model assessment was used to determine insulin sensitivity and beta cell function. Results: Prevalence of early abnormalities of glucose metabolism was two to three times higher in subjects with FHD and two to three times higher in men compared to women. Both maternal and paternal heredity of type 2 diabetes were associated with an increased risk of having early abnormalities of glucose metabolism. However, in women with type 2 diabetes heredity on the father's side seems to have less impact on an increased risk of having type 2 diabetes. Both waist circumference and systolic blood pressure were increased in subjects with abnormalities of glucose homeostasis, whereas insulin sensitivity and beta cell function were decreased. Subjects with IFG had more pronounced impairment of beta cell function and insulin sensitivity than subjects with IGT. Conclusion/interpretation: An FHD and male sex increased the prevalence of abnormalities of glucose homeostasis. Subjects with IFG had more pronounced defects of insulin secretion and action than subjects with IGT.
Introduction
Type 2 diabetes develops slowly through stages of early impairments of glucose metabolism. The presence of IFG or IGT carries a similar risk of developing type 2 diabetes, although the highest incidence is among those who have combined glucose intolerance (CGI). Thus, a majority of subjects who develop type 2 diabetes demonstrate IFG and/or IGT approximately 5 years prior to onset of the disease [1] . Heredity plays an important role in the pathogenesis of type 2 diabetes [2] . Less is known about the impact of heredity on the development of early abnormalities of glucose metabolism, such as IFG, IGT and CGI. Furthermore, it is not known whether there is a difference between the impact of maternal or paternal diabetes heredity, in males and females, on development of glucose abnormalities.
In most populations, IGT is more prevalent than IFG and therefore more sensitive (not specific) for the purpose of identifying individuals at risk of developing type 2 diabetes. However, several large-scale studies report poor agreement between the two features of disturbed glucose homeostasis [3, 4] , suggesting different pathogenic backgrounds. Two studies report that subjects with IFG exhibit more pronounced insulin resistance compared to IGT, while subjects with IGT display deficits in early and late phase insulin secretion [5, 6] . In another study, subjects with IFG were both more insulin resistant and had poorer beta cell function compared to IGT subjects [7] . On the contrary, one study showed that insulin resistance was absent in IFG and markedly pronounced in IGT, whereas a defective insulin response was significant only in IFG [8] .
To further explore the impact of sex and type 2 diabetes heredity on the prevalence and pathogenesis of early abnormalities of glucose metabolism we have studied 7,949 healthy men and women, of whom, by design, approximately half had a family history of type 2 diabetes (FHD). Participants were investigated between 1992 and 1998 and belonged to a cross-sectional study of Swedish Caucasians born between 1938 and 1961, the Stockholm Diabetes Prevention Programme (SDPP) [9] [10] [11] . An OGTT was performed, and blood pressure levels and anthropometrical data were recorded. Insulin sensitivity and beta cell function were assessed using the homeostasis model assessment (HOMA) indices. In addition, fasting plasma proinsulin (PI) levels were measured in the male cohort.
Subjects and methods
Subjects All participants belonged to the SDPP, described in detail elsewhere [9] [10] [11] [12] . In short, the study consisted of men and women, aged 35-56 years, with or without FHD, and without previously diagnosed type 2 diabetes. The subjects were living in five municipalities situated in the outskirts of Stockholm.
The data collection was performed in two steps. First, a questionnaire was sent to all inhabitants in the relevant age group asking about the subject's country of birth and presence of type 2 diabetes in the family as well as in the subject. The questionnaire was returned by 79% (10,236 of 12,952) of the men and 85% (16,481 of 19,416) of the women. Subjects who had known type 2 diabetes, who were of foreign origin, who provided incomplete answers, or presented insufficient FHD, were excluded from further investigations.
Secondly, all subjects with FHD, defined as at least one first-degree relative (mother, father, sister or brother) or two second-degree relatives (grandparents, uncles or aunts) with diagnosed type 2 diabetes (2,106 men and 3,583 women) were invited to participate in a health examination at a primary health care centre. Of the responders, 20% of the men and 24% of the women had FHD. An age-stratified sample of subjects without FHD, in total 2,424 men and 3,497 women (together with 424 women reporting gestational diabetes), were also invited to participate in the examination. In total, 3,162 (70%) men and 4,946 (66%) women agreed to participate in the examination. Due to uncertain heredity and because of women who were also pregnant or breast-feeding and for medical reasons, some subjects were excluded at this stage. Thus, the final SDPP sample consisted of 3,128 men and 4,821 women. All participants received written and oral information regarding the study and gave their informed consent. The experimental protocol was approved by the Ethics Committee at the Karolinska Hospital and was carried out in accordance with the Declaration of Helsinki.
Study protocol During the visit to the primary health care centre, the subjects filled out an extensive questionnaire that included questions on birthweight, physical activity, dietary habits, health status, alcohol and tobacco use and psychosocial conditions. Body height, weight and waist circumference were measured with the subjects wearing light indoor clothes and no shoes. BMI was calculated as the ratio of body weight in kilograms to the square of height in metres (kg/m 2 ). A standard 75-g OGTT, according to World Health Organization (WHO) criteria [13] , was administered to the subjects. According to the ADA document from 1997 [14] the criteria for IFG were a fasting plasma glucose level of ≥6.1 to <7.0 mmol/l and a 2-h plasma glucose level at OGTT <7.8 mmol/l; for IGT a fasting plasma glucose level <6.1 mmol/l and a 2-h plasma glucose level at OGTT of ≥7.8 to <11.1 mmol/l; and for CGI a fasting plasma glucose level ≥6.1 and <7.0 mmol/l and 2-h plasma glucose level at OGTT ≥7.8 and <11.1 mmol/l. Type 2 diabetes was defined as having a fasting plasma glucose value ≥7.0 mmol/l and/or a 2-h plasma glucose value at OGTT ≥11.1 mmol/l.
The HOMA was used to assess insulin sensitivity and beta cell function, based on fasting insulin and glucose levels and according to published algorithms: HOMA resistance=(insulin×glucose) / 22.5, and HOMA beta cell function=20×insulin/(glucose−3.5) [15] .
Statistical analysis Data are presented as means ± SEM or geometric mean (SE range). Plasma glucose, plasma insulin, HOMA values and plasma PI were log-transformed to improve skewness. Analysis of variance was used, and when controlling for covariates, analysis of covariance, both followed by Scheffé's post-hoc test, was performed to analyse differences in continuous variables between groups. Systolic and diastolic blood pressure, fasting and 2-h insulin values, HOMA measures, PI and PI insulin ratios are presented after adjustment for age, FHD, waist circumference, sex and when appropriate also for current smoking, physical activity at work and during leisure time. When a significant interaction term between glucose tolerance groups and age or waist circumference was found results are presented with age or waist circumference at their means. Multiple logistic regressions were performed to calculate prevalence odds ratios (POR), accompanied by 95% CI. Including them one by one in the logistic regression model tested for potential confounders. They were retained in the model if they contributed to at least a 10% change of the age-adjusted (age in three categories 35-42, 43-50, 51-56 years) crude estimate. Statistical significance was set at p<0.05. Data processing was performed using the Statistical Analysis System, SAS, version 8.2 (Cary, NC, USA), and Statistica, StatSoft, version 6.1 (Tulsa, OK, USA).
Assays Plasma glucose was assayed in duplicate using a glucose oxidase method with a Yellow Spring Glucose Analyzer (Yellow Springs, Inc., Yellow Springs, OH, USA). Insulin was assayed by RIA, using our own antibodies, human insulin as a standard, and charcoal addition to separate antibody-bound and free insulin [16] . Proinsulin cross-reacts in this assay by about 80%. Pro-insulin was determined in men by an ELISA with a broad specificity comprising, in addition to intact PI, the four PI conversion intermediates, reacting with 65-99% efficiency relative to intact PI. The limit of detection was 0.25 pmol/ l, and the total interassay coefficient of variation was 7.6-5.3% at 1.1-8 pmol/l.
Results
Influence of sex and type 2 diabetes heredity on prevalence of glucose abnormalities In total, 2,835 men (90.6%) and 4,550 women (94.4%) had NGT. The corresponding figures for IFG were 59 men (1.9%) and 48 women (1.0%), and for IGT 143 men (4.6%) and 145 women (3.0%), and for CGI 26 men (0.8%) and 15 women (0.3%), and finally 65 men (2.1%) and 63 women (1.3%) had type 2 diabetes. Hence, the prevalence of having glucose intolerance, which includes IFG, IGT and diabetes, was approximately twofold higher in men compared to women. There was an overlap between IFG and IGT, 31% of the male subjects with IFG had IGT, whereas only 15% of male subjects with IGT also had IFG. The corresponding figures for women were 24 and 9%, respectively. Table  1 shows the distribution of men and women in all glucose tolerance categories when grouped according to FHD. The prevalence of having type 2 diabetes or milder forms of disturbed glucose metabolism was approximately two to three times higher in subjects with FHD. In total, 12.3% of men and 7.2% of women with FHD had an abnormal glucose metabolism, whereas the corresponding figure for men without FHD was 6.2% and for women 3.8%. Interestingly, prevalence of type 2 diabetes was similar in both sexes in subjects without FHD, but more than threefold increased in men with FHD compared to a twofold increase in women.
Impact of parental type 2 diabetes heredity on the prevalence of glucose abnormalities In both men and women, the POR for having early abnormalities of glucose metabolism were similar in those who had maternal and paternal diabetes heredity (Table 2 ). In women, diabetes heredity on the mother's side, but not on the father's side, was associated with an increased risk of having type 2 diabetes. In men, however, both maternal and paternal diabetes heredity were associated with type 2 diabetes.
Clinical characteristics Basic characteristics of the study population are given in Table 3 . Individuals with IFG, IGT and type 2 diabetes were slightly older than those with NGT (p<0.05 to p<0.001). There was no difference in birthweight between the groups. In both males and females there was significant increase in BMI and waist circumference in subjects with IFG, IGT, CGI and type 2 diabetes (p<0.01 to p<0.001). Systolic blood pressure was higher in subjects with IFG, IGT, CGI and type 2 diabetes compared to NGT (p<0.01 to p<0.001). Diastolic blood pressure was higher in subjects with IGT compared to NGT (p<0.001).
Insulin levels, insulin sensitivity and beta cell function Both fasting and 2-h plasma insulin levels were higher in Table 4 ). The HOMA model revealed that both beta cell function and insulin sensitivity were decreased in IFG, IGT, CGI and type 2 diabetes, as compared to NGT. However, subjects with IFG and CGI had more impaired beta cell function compared to IGT (p<0.001), and similarly subjects with IFG and CGI had decreased insulin sensitivity compared to IGT (p<0.001).
Proinsulin concentrations Fasting plasma PI levels were significantly higher in men with IFG, IGT, CGI and type 2 diabetes compared to NGT (p<0.001) ( Table 4) . Interestingly, subjects with IFG and CGI had significantly higher PI levels and PI : insulin ratios compared to IGT (p<0.05 to p<0.01).
Discussion
The SDPP study is a large cross-sectional study that included almost 8,000 healthy Swedish men and women who underwent an OGTT. By design, approximately 50% of included subjects had type 2 diabetes heredity. In this study, we demonstrate for the first time that prevalence of IFG, similarly to prevalence of IGT, CGI and type 2 diabetes, was nearly twofold higher in those who had FHD [17] . Our finding could not, however, be accounted for by differences in ethnicity between men and women since all participants had a Swedish Caucasian background. Of note, prevalence of type 2 diabetes was similar in both sexes in subjects without type 2 diabetes heredity. The present study also shows that maternal and paternal heredity of type 2 diabetes similarly influenced the risk of having early abnormalities of glucose metabolism in both sexes. However, the POR of having type 2 diabetes was higher in men than in women. In fact, in women only diabetes heredity on the mother's side influenced the risk of having type 2 diabetes. Recently, Groop et al. [18] have investigated the impact of parental diabetes on metabolic parameters and phenotype in offspring, and suggested a possibility of unprecedented maternal or paternal inheritance of different type 2 diabetes phenotypes.
There was a poor concordance between the diagnosis of IFG and IGT, in concert with what has been reported by others [3, 4] . In fact, 85% of the male and 91% of females with IGT, irrespective of FHD, had normal fasting glucose levels in our study, but slightly lower figures have been reported by others [6] [7] [8] . Furthermore, only 31% of the men and 24% of the women with IFG also had IGT, a frequency similar to that reported in some studies [6, 8] , but lower than that found by others [5, 7] . Our study is the only one that includes, as a separate category, subjects without FHD. Importantly, all studies consistently show that the majority of subjects with IGT will be overlooked if the fasting plasma glucose concentration alone is considered. This demonstrates that IFG is no substitute for OGTT in the identification of subjects at risk of developing type 2 diabetes.
Previous cross-sectional and cohort studies suggest that pronounced insulin resistance is a determinant of IFG in subjects with FHD, whereas both moderate insulin resistance and impaired beta cell function contribute to IGT [6, 7] . In our study, insulin resistance, as assessed by fasting plasma insulin levels and the HOMA insulin resistance index, is a striking feature in both men and women with IFG and IGT. The HOMA model has its obvious limitations, since it measures insulin sensitivity and beta cell function using only fasting values of glucose and insulin. However, the HOMA model has been validated against euglycaemic, hyperinsulinaemic clamps, fasting insulin concentration and hyperglycaemic clamps [15] . Interestingly, the HOMA analysis showed that subjects with IFG have more pronounced impairments of beta cell function than subjects with IGT. We also observed increased PI levels in males with IFG as compared to IGT, which may indicate more pronounced impaired beta cell responsiveness in IFG [19] . However, an influence of insulin resistance in this context cannot be ruled out [20] . Prospective studies show that PI, independently of intact insulin, predicts CHD in subjects with or without type 2 diabetes [21] [22] [23] . Proinsulin may be an important marker of a dysmetabolic syndrome [20, 24] . In the present study, hyperproinsulinaemia in men with early abnormalities of glucose tolerance may partially account for a well-documented increased cardiovascular disease (CVD) risk in these groups [1] .
Fasting glucose concentrations primarily depend on hepatic glucose production [25] , whereas both hepatic and extra-hepatic insulin sensitivity, and insulin secretion are important determinants of glucose tolerance [26] . In view of these findings it is difficult to understand that subjects with IFG maintained normal OGTT, despite a marked impairment of insulin sensitivity and beta cell function. The present study design did not allow direct measurements of hepatic or extra-hepatic insulin sensitivity [27] , nor were gut hormones, alpha cell responsiveness or glucose effectiveness measured, factors that may be important for determining normal glucose pattern during OGTT in IFG [28, 29] .
The diastolic and systolic blood pressures, BMI and waist circumference were higher in subjects with abnormalities of glucose metabolism compared to NGT, but birthweight was similar. Also the GENNID study reported higher blood pressure in IFG and/or IGT compared to NGT [7] . It is reasonable to assume that an increase in CVD risk among IFG, and/or IGT [1] , is partly mediated by an increase in blood pressure.
It is important to note that the cross-sectional design allows us to assess prevalence and associations of various parameters characterising phenotype of subjects studied. However, the significance of the findings in the SDPP study are limited due to selection bias and therefore not representative of the entire population.
In conclusion, FHD increases the prevalence of IFG, IGT, CGI and type 2 diabetes by two-to threefold in middle-aged men and women. Abnormalities of glucose metabolism were approximately twofold more common in men than women irrespective of type 2 diabetes heredity. Both maternal and paternal heredity of type 2 diabetes influenced the risk of having early abnormalities of glucose metabolism in both sexes, although the parental impact on having type 2 diabetes was higher in men than in women. An OGTT is mandatory for identification of subjects with a risk of developing type 2 diabetes. IFG and IGT subjects exhibited higher blood pressure, increased central fat and decreased insulin action and insulin secretion. IFG had more pronounced defects of both insulin secretion and action compared to IGT, suggesting different pathogenic backgrounds to the two conditions.
